Abstract
INTRODUCTION

FIG. 1. (a)
A mixture of the high-density have-nots and a low-density haves can aggregate, whereas (b) a low-density population of haves cannot aggregate on its own. Images were taken about 12 h after start of starvation. These experiments were repeated seven times.
FIG. 2. Beads added to a high-density population of haves are incorporated into the aggregates.
These experiments were performed about 35 times with different ratios of the beads to the highdensity haves. The beads did not affect pattern formation in all cases.
Other subtler contact-dependent interactions could be in play. To completely rule these 70 out, we placed a Millipore filter between the populations of the haves and the have-nots.
71
This filter allows the exchange of chemicals, while preventing the cells from coming into 72 mechanical contact. The populations aggregated (in two trials of the experiments). Thus, 73 we have disproved our mechanical hypothesis. The effect must be chemical in origin.
74
What is this chemical interaction? Could the aggregation be caused by some yet-to-be- Adding just the HMWF of the supernatant, both heat-treated and non-heat treated, caused the cells to round up. When the LMWF of the supernatant was added, the cells were healthy and polarized.
one containing chemicals > 30kDa and a fraction < 30kDa, containing small proteins, ions,
86
and other low molecular weight chemicals (see Methods). We denote these fractions as the respectively. To further fractionate the HMWF fraction, we subjected a part of it to heat 89 treatment to deactivate heat sensitive enzymes, and left the rest untreated.
91
Low densities of haves were developed in these fractions. After about 20h, we found (in 92 one experiment):
93
• Cells + LMWF: The low-density haves were viable and appeared polarized, but no 94 tight aggregates were observed. (figure 3)
95
• Cells + heat-treated, HMWF: The low-density haves rounded up and did not appear 96 viable. Furthermore, many cells had de-adhered from the substrate (figure 3).
97
• Cells + non-heat-treated, HMWF: The low-density haves also rounded up and did not • Cells + LMWF + heat-treated, HMWF: In this positive control, the low-density haves 100 looked polarized (figure 4a).
101
• Cells + LMWF + non-heat-treated, HMWF: In this second positive control, the low-
102
density haves showed clear large-scale streaming (figure 4b).
103
We also conducted a negative control, in which the low-density haves were unconditioned.
104
These cells rounded up and did not appear viable (figure 4c was recovered (figure 6).
130
DISCUSSION
131
We opened this manuscript with a riddle: when a low-density population of haves were 132 added to a high-density population of have-nots, the mixture aggregated, whereas each 133 population on its own fails to develop.
134
We found that the lack of divalent ions kills the low-density haves. The supernatant was aspirated from the Petri dishes, and then centrifuged to pellet out 196 any cells accidentally. The supernatant was then cleared using 0.2µm filters.
197
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SUPPLEMENTARY NOTE S1: MEASURING THE EXTRA-CELLULAR PDE AC-
224
TIVITY
225
To measure PDE activity, we used the PDELight kit from Lonza. The measurement works estimated the degradation of the PDE in our sample.
233
We first collected the supernatant from the populations as described in Methods. We density wild types and high density mutants.
257
Next, to observe the effect of the heat-treated supernatant, we conditioned the low density c) was much higher than the activity of the low density WT cells in phosphate buffer (figure 9 261 column b). As a check, we verified that our heat treatment denatures PDE, column a in figure   262 9. Finally, the degradation rate was even higher in low density populations conditioned by Consider the typical wild type cell density used in experiments i.e. cell density ρ is 6 x 10 5 cells/ml 2 . The typical cell separation d sep is given by
For the typical cell density mentioned above, this gives a d sep of about 13µm. The typical wavelength of the cAMP waves is about 1 -2 mm. The dynamics of D.d. forms a reaction -diffusion system. If we assume that the degradation follows first order kinetics, the length scale L for diffusion is set by the diffusion constant D and the degradation rate of cAMP γ.
This gives,
If we assume a diffusive length of about 130 µm, which corresponds to the distance the characteristic decay time given by 1/γ has to be shorter than the period of the waves (6 280 -8 min), so that cAMP can be degraded before the next wave begins. Therefore, the value 281 of the degradation rate at high cell densities allows wave propagation because it is shorter 282 than the period of the wave.
283
Now, the density of our low density population is about 70 times smaller than the value 284 considered above. If we assume that the degradation scales linearly with density, the degra-285 dation rate of the low density population will be 70 times smaller, and the degradation time waves. This larger degradation time will not allow wave propagation. As we have seen in figure 8 , the extra cellular PDE decreases more rapidly with density than a linear fit would 289 predict. Therefore, for aggregation, more PDE is necessary in the low density haves.
290
A2: Activity of exogenous PDE
291
To illustrate the calculation of activity, let us start with the activity stated on the vial of PDE. For example, in one experiment, the activity of PDE4A was 2429 units/mg. 1 unit = 1 nmol/min at 37 0 C. Since our experiments are at 22 0 C, we used 1 unit = 0.5 nmol/min.
Let us assume that we dilute the sample to Xµg ml
. Then,
We know that the Michaelis-Menten constant for PDE4A is about K M = 5µM [32] . At 292 high substrate concentration, the degradation rate is given by γ =
degradation time is given by 1/γ. As a particular case, when X = 0.0032, the degradation 294 time is 129 min, whereas when X = 20, the degradation time is 0.2 min. We don't expect 295 tight aggregates in the former case, whereas we do expect them in the latter case, as is 296 shown in figure 6c.
297
A3: Obtaining the degradation rate
298
We modeled the system in the following way. AMP is produced through the action of PDE, and there is a decay rate. For PDE produced by D.d.., it is known that the value of the Michaelis-Menten constant is 0.75µM [29] . In our experiments, we add a much higher concentration of cAMP. So the rate of the reaction can be assumed to be independent of the substrate concentration. This rate is also V max , the maximum rate of the reaction. We observe that AMP concentration decays after the reaction is stopped by adding the stop solution. Accounting for the production and decay of AMP, we can write Here C is the concentration of AMP, k 1 is the degradation rate of PDE which creates AMP (this is the rate we are interested in finding) and k 2 is the decay rate of AMP. The solution to the equation is
We stop the reaction after 20 min, the concentration of AMP after 20 min is C(20).
After these 20 min, there is only decay of AMP because PDE doesn't act anymore. The equation for the concentration of AMP after these 20 min is therefore the decaying exponential C(t) = C(20)exp(−k 2 t).
Here t is time after stopping the PDE action. We measure C(t) at different times after 
